Abstract. Interleukin (IL)-23, as a novel pro-inflammatory cytokine, is important in several inflammatory diseases, including myocardial ischemia and reperfusion (I/R) injury, however, the underlying mechanism remains to be elucidated. The present study was designed to investigate the specific role of IL-23 in myocardial I/R injury, and whether the Janus kinase 2/signal transducer and activator of transcription 3 (JAK2-STAT3) signaling pathway, one of the important downstream signaling pathways of IL-23, and the IL-17A downstream pro-inflammatory cytokine, were involved. Anesthetized rats underwent different treatments with adenovirus (Ad) vectors (Ad-GFP, Ad-IL-23, Anti-IL-23 or Ad-IL-23+AG490) and were then subjected to ischemia for 30 min prior to 4 h reperfusion. The effects of the upregulation and downregulation of IL-23 on myocardial injury, inflammatory responses in myocardial tissue, and myocardial apoptosis were measured accordingly. In addition, the levels of phosphorylated (P-)JAK2 and P-STAT3 were measured to assess the activity of the JAK2-STAT3 signaling pathway. The results demonstrated that there was an increased expression of IL-23 in the myocardial tissue exposed to myocardial I/R injury (P<0.05). The upregulation of IL-23 significantly increased the infarct size and the expression levels of lactate dehydrogenase and creatine kinase (P<0.05). The upregulation of IL-23 significantly increased inflammatory responses, as reflected by the high expression levels of IL-17A, IL-6, tumor necrosis factor-α in the myocardial tissues (P<0.05). Furthermore, the upregulation of IL-23 significantly facilitated the decrease in the B-cell lymphoma 2 (Bcl-2)/Bcl-2-associated X protein ratio, and the increases in the myocardial apoptotic index and expression of caspase-3 induced by myocardial I/R (P<0.05). IL-23 also activated the JAK2-STAT3 signaling pathway, upregulating the expression levels of P-JAK2 and P-STAT3 in the myocardial tissues (P<0.05). Treatment with AG490, an inhibitor of JAK2-STAT3, partially attenuated the pro-inflammatory and pro-apoptotic effects of IL-23 (P<0.05). The results of the present study suggested that IL-23 aggravated myocardial I/R injury by promoting inflammatory responses and myocardial apoptosis, which may be associated with high expression levels of IL-17A and upregulation of the JAK2-STAT3 signaling pathway.
Introduction
Myocardial infarction is a serious disease, which contributes to high mortality rates in modern society. Myocardial reperfusion therapies, including percutaneous coronary intervention, thrombolytic therapy and coronary artery bypass grafts, have been regarded as the most effective approaches for rescuing ischemic myocardial tissue. However, regardless of the type of effective reperfusion therapy used for myocardial infarction, reperfusion itself can cause further myocardial injury, which can even attenuate the therapeutic benefit (1) . Myocardial I/R can induce local myocardial inflammation, including promoting the release of various cytokines, including interleukin (IL)-17A, tumor necrosis factor-α (TNF-α) and IL-6, and promoting the activation of inflammatory cells, including neutrophils, which is one of the crucial pathophysiological processes in myocardial I/R injury (2) (3) (4) . Apoptosis is another pathological result of myocardial I/R, which can result in reversible or irreversible damage of myocardial tissue, accompanied with the inflammatory processes mentioned above (5) .
IL-23, as a newly-identified member of the IL-12 family, has attracted increased attention (6) . IL-23, predominantly produced by activated macrophages and dendritic cells, is a heterodimeric cytokine composed of IL-23p19 and IL-12/IL-23p40 subunits (7) . Previous studies have confirmed that IL-23, as a pro-inflammatory cytokine, is critical in infections, autoimmune diseases, tumors and inflammatory diseases, including myocardial I/R injury, by promoting the expression of inflammatory cytokines and inflammatory responses (8) (9) (10) (11) . IL-17A, expressed at high levels in myocardial I/R injury, has been described as a downstream pro-inflammatory cytokine. The inhibition of IL-17A release can reduce myocardial I/R injury and improve cardiac function (12) . Studies have also indicated that IL-23 can regulate the expression of IL-17A (8, 11) . The present study attempted to test the hypothesis that IL-23 aggravates myocardial I/R injury by promoting inflammatory responses and myocardial apoptosis, which may be associated with the high expression of IL-17A and upregulation of the Janus kinase 2/signal transducers and activators of transcription 3 (JAK2-STAT3) signaling pathway.
Materials and methods

Construction of adenovirus (Ad) vectors. IL-23 and empty
plasmid Ads (termed Ad-IL-23 and Ad-GFP) were constructed by cloning the IL-23 cDNA or empty plasmid. The recombinant viruses were then amplified in HEK 293 cells (American Type Culture Collection, Manassas, VA, USA) by transfection and finally purified using an Adeno-X™ purification kit (Microbix Biosystems, Toronto, ON, Canada) in order to reach the titer of 10 11 pfu/ml.
Animal preparation and experimental design. All experimental protocols conformed to the Guideline for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication, revised 1996) (13) and were approved by the Renmin Hospital of Wuhan University Animal Care and Use Committee (Wuhan, China). Male Sprague-Dawley rats (200-250 g) were supplied by the Experimental Animal Center of Vital River Laboratories (Beijing, China) and randomly assigned into the following six treatment groups: Group 1, sham-operated control (SO; n=10) rats subjected to surgery without myocardial ischemia; group 2, I/R (n=10) rats subjected to occlusion of the left anterior descending coronary artery (LAD) for 30 min, followed by reperfusion for 4 h; group 3, Ad-GFP+I/R (n=6) rats treated with Ad-GFP (10 11 pfu/ml, 100 µl per rat, intramyocardially) for 72 h prior to LAD occlusion; group 4, Ad-IL-23+I/R (n=6) rats treated with Ad-IL-23 (10 11 pfu/ml, 100 µl per rat, intramyocardially) for 72 h prior to LAD occlusion; group 5, anti-IL-23+I/R (n=6) rats treated with anti-IL-23 neutralized monoclonal antibodies (200 µg per rat, i.v. into the tail vein) from Biosynthesis Biotechnology Co., Ltd. (Beijing, China) 30 min prior to LAD occlusion; group 6, Ad-IL-23+AG490+I/R (n=6) rats treated with Ad-IL-23 (10 11 pfu/ml, 100 µl per rat, intramyocardially) for 72 h and injection of AG490 (an inhibitor of JAK2-STAT3) from MedChemExpress USA (Monmouth Junction, NJ, USA; 3 mg/kg, i.v. into tail vein), 30 min prior to LAD occlusion.
Sodium pentobarbital (2.5%; 45 mg/kg, i.p.) was used as the anesthetic in surgery. The I/R used in the rats model was performed, as previously described (14) . Changes in ST segment elevation in Leads-II and regional cyanosis of the myocardial surface were considered to be signs of successful establishment of the myocardial I/R model. Subsequently, a half dose (22.5 mg/kg, i.p.) of 2.5% sodium pentobarbital was injected into the postoperative rats. Samples, including 2 ml of blood from the jugular vein and heart tissue in the infarct area (white) and risk area (5 mm around the infarct area) were obtained immediately and frozen at -80˚C for subsequent assays.
Assessment of myocardial injury. A previously described double-staining technique was used to determine the infarct size (14) . In brief, following 4 h reperfusion, the LAD was occluded again and 2 ml Evans Blue dye (1%; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was injected via the jugular vein. The heart was excised and frozen at -80˚C for 15 min, and was then cut into 1.5 mm transverse sections from the apex to the base, which were subsequently incubated in 1.0% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich; Merck Millipore) for 15 min at 37˚C. The sizes of the infarct area (white) and the area at risk (red and white) were measured using an image analyzer (Image-Pro Plus 3.0; Media Cybernetics, Inc., Silver Spring, MD, USA). The percentage of the risk area volume (% infarct area/risk + infarct area) was used to determine the infarct size.
The serum levels of lactate dehydrogenase (LDH) and creatine kinase (CK) were measured in the blood samples, which were collected, centrifuged (2,050 x g, 5 min, 4˚C) and stored at -20˚C until analyses. Standard techniques using commercialized assay kits were used according to the manufacturer's protocol (Nanjing Jiancheng Bioengineering Institute, Najing, China) for the analyses. Values are expressed in international units (IU) per liter.
Assessment of myocardial inflammatory parameters.
The levels of TNF-α and IL-6 in myocardial tissues were measured using commercial enzyme-linked immunosorbent assay kits (TNF-α and IL-6; Nanjing Jiancheng Bioengineering Institute) according to the manufacturer's protocol. The sensitivity of the assay was 1 pg/ml.
Cardiac myocyte protein concentrations were measured using western blot assays as described previously (15) . In brief, total protein content was determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, Haimen, China) according the manufacturer's protocol. Protein extracts (40 µg) of the cardiac tissues in radioimmuno-precipitation assay lysis buffer (Beyotime Institute of Biotechnology) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difuoride membranes (EMD Millipore, Billerica, MA, USA) and probed with primary antibodies at 4˚C overnight, including anti-IL-23 (cat no. bs-1193R; diluted 1:300; Beijing Bioss Biological Co., Ltd., Beijing, China), anti-IL-17A (cat no. bs-1183R; diluted 1:300; Beijing Bioss Biological Co., Ltd, Beijing, China) and β-actin (cat no. BM0627; diluted 1:500; Wuhan Boster Bioengineering Co, Ltd., Wuhan, China). Following incubation with the appropriate secondary antibodies (The horseradish peroxidase-conjugated mouse IgG (cat no. BA1051); The horseradish peroxidase-conjugated rabbit IgG (cat no. BA1054); diluted 1:50,000; Wuhan Boster Bioengineering Co, Ltd.) for 2 h at room temperature, the specific bands were visualized using an ECL detection system according to the manufacturer's protocol.
Assessment of myocardial apoptosis. Myocardial apoptosis was examined using the TdTmediated dUTP nick-end labeling (TUNEL) assay, as described previously (16) . In brief, following being fixed in 4% paraformaldehyde and embedded in paraffin, the myocardial tissue samples were cut into 5 µm blocks. The percentages of apoptotic cells were evaluated in the five slides of each block using the TUNEL assay. Subsequently, five fields (magnification, x200) were randomly selected on each section under a light microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA). Cells (positive brown cells and normal blue cells) were counted using the MIAS 4.0 medical image analysis system (Beijing Bingyang Keji Corporation, Beijing, China). The apoptosis index (positive cells/total cells x 100%) was used to express myocardial apoptosis.
The levels of B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) and caspase-3 in myocardial tissues were assessed using western blot assays, as mentioned above. Anti-Bcl-2 ((cat no. sc-7382; diluted 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-Bax (cat no. BS6420; diluted 1:1,000; Bioworld Technology, Minneapolis, MN, USA) and anti-caspase-3 (cat no. 19677-1-AP; diluted 1:1,000; Wuhan Mitaka Biotechnology Co, Ltd., Wuhan, China) were used as primary antibodies (4˚C, overnight), and the secondary antibodies were as described above (cat no. BA1051; cat no. BA1054).
Assessment of JAK2-STAT3 signaling pathway activation.
The levels of JAK2, phosphorylated (P-)JAK2, STAT3 and P-STAT3 were assessed using western blot assays, as mentioned above. Anti-JAK2 (cat no. sc-21870; diluted 1:1,000; Santa Cruz Biotechnology, Inc.), anti-P-JAK2 (cat no. bs-3206R; diluted 1:200; Beijing Bioss Biological Co., Ltd.), anti-STAT3 (cat no. sc-483; diluted 1:500; Santa Cruz Biotechnology, Inc.) and anti-P-STAT3 (cat no. BS4181; diluted 1:800; Bioworld Technology) were used as primary antibodies (4˚C, overnight). And the secondary antibodies were the horseradish peroxidase-conjugated mouse IgG (cat no. BA1051), the horseradish peroxidase-conjugated rabbit IgG (cat no. BA1054) and the horseradish peroxidase-conjugated goat IgG (cat no. BA1060); diluted 1:50,000; Wuhan Boster Bioengineering Co, Ltd..
Statistical analysis.
Statistical analysis was performed using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). All values are expressed as the mean ± standard deviation. Student's t-test was used for between-group comparisons. One-way analysis of variance or a Welch test was used for comparisons among groups, and Tukey's post hoc test was used for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Myocardial expression of IL-23 during myocardial I/R.
Compared with the SO group, the I/R group had a significantly higher expression level of IL-23 (0.578±0.018, vs. 0.163±0.018; P<0.05). The level of IL-23 in the Ad-IL-23 group was significantly increased, compared with that in the I/R group (0.935±0.038; P<0.05). However, no significant difference was found between the Ad-GFP group and I/R group (0.659±0.013; P>0.05; Fig. 1 ).
IL-23 promotes myocardial injury following I/R.
Compared with the I/R group, the infarct size in the Ad-IL-23 group was significantly increased (52.4±0.7, vs. 42.4±1.5%; P<0.05). However, no significant difference was found between the Ad-GFP group and I/R group (42.5±1.9%; P>0.05). The addition of AG490 significantly inhibited the effect of Ad-IL-23 with regard to decreasing infarct size, compared with that in the Ad-IL-23 group (47.2±1.3%; P<0.05; Fig. 2A ). Compared with the SO group, the I/R group had a lower ratio of Bcl-2 to Bax (1.03±0.11, vs. 2.74±0.64; P<0.05). However, the ratio was even lower in the Ad-IL-23 group (0.27±0.08; P<0.05), and the addition of AG490 significantly inhibited the effect of Ad-IL-23 (0.79±0.01; P<0.05). The ratio of Bcl-2 to Bax in the anti-IL-23 group was significantly higher, compared with that in the I/R group (1.62±0.17; P<0.05; Fig. 4C . The expression levels of Bcl-2 showed the same trend, whereas the expression of Bax showed an opposite trend to that of Bcl-2 (Fig. 4D) .
IL-23 regulates the JAK2-STAT3 signaling pathway.
Compared with the I/R group, the Ad-IL-23 group had significantly higher (P<0.05) expression levels of P-JAK2 Fig. 5A and B) .
Discussion
Myocardial inflammation is one of the crucial pathophysiological processes in myocardial I/R injury, which can be promoted by the release of various cytokines. The inflammatory responses ultimately aggravate tissue injury (17) . Previous studies have demonstrated that the components of adaptive (19) .
In the present study, it was found that I/R significantly increased the expression of IL-23 in myocardial tissues, which was consistent with the findings of previous studies, indicating that macrophages can rapidly respond to endogenous stimulating factors following tissue injury and have a pathogenic role through their secretion of pro-inflammatory factors (20, 21) .
In the present study, it was found that IL-23 promoted inflammatory responses via increasing the expression levels of TNF-α and IL-6 in myocardial I/R. Previous studies have demonstrated that IL-23 is important in several inflammatory diseases, including myocardial I/R injury (8) (9) (10) (11) . Once released from activated dendritic cells and macrophages, IL-23 functions as a pro-inflammatory stimulus, which induces the differentiation of naive lymphocytes, including CD4 + T cells, and the secretion of inflammatory cytokines, including IL-1β, IFN-γ, TNF-α and IL-6 (8, (22) (23) (24) , indicating that IL-23 may reinforce the inflammatory process and intensify myocardial I/R injury through this mechanism.
The present study also found that the upregulation of IL-23 significantly increased the expression level of IL-17A. As an early pro-inflammatory cytokine, IL-17A is crucial in myocardial I/R injury (12, 25) . Previous studies have suggested that, in addition to directly aggravating myocardial I/R injury, IL-17A stimulates endothelial cells and macrophages, and increases the secretion of pro-inflammatory cytokines, including IL-1, IL-6, TNF-α and c-reactive protein, which further reinforces the inflammatory response and myocardial I/R injury (12) . In addition, IL-17A can regulate the expression of granulocyte colony stimulating factor and chemokines, including CXC motif chemokine ligand (CXCL)l, CXCL5 and IL-18, to amplify and collect neutrophils, which may be another mechanism promoting myocardial inflammation and injury (12) . Li et al (25) demonstrated that the expression of IL-17A was increased in myocardial I/R, and that the inhibition of IL-17A with anti-IL-17A significantly reduced levels of cardiac troponin T and myocardial infarct size, ameliorateing myocardial I/R injury. These results suggested that IL-23 may promote inflammatory responses and myocardial I/R injury by accelerating the secretion of IL-17A. Previous studies have demonstrated that the generation of IL-17A induced by IL-23 is mediated by activation of the JAK2, phosphoinositide 3-kinase/AKT, nuclear factor-κB and STAT3 signaling pathways (26) (27) (28) (29) , which may also be pathways through which IL-23 regulates the expression of IL-17A in myocardial I/R, although the precise mechanism remains to be elucidated.
Apoptosis is another important pathophysiological process during myocardial I/R, and a previous study found that the inhibition of apoptosis protected the heart from I/R injury (30) . The present study found that IL-23 significantly reduced the ratio of Bcl-2 to Bax and increased the apoptotic index, indicating that IL-23 accelerated myocardial apoptosis during I/R injury. Liao et al (12) suggested that the upregulation 
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(exogenous IL-17A treatment) or downregulation (anti-IL-17A monoclonal antibody treatment or IL-17A-knockout) of IL-17A markedly affected the severity of I/R injury through mediating cardiomyocyte apoptosis and neutrophil infiltration. Another study (11) reported that IL-17A, as a downstream pro-inflammatory cytokine, can regulate cardiomyocyte apoptosis. Therefore, it was hypothesized that IL-23 aggravates cardiomyocyte apoptosis by regulating the release of IL-17A. In the present study, it was demonstrated that IL-23 had a promoting effect in myocardial I/R injury via regulation of the expression of IL-17A, which is an novel finding, although previous studies have demonstrated that the IL-23/IL-17A axis is important in several inflammatory diseases and I/R in other organs (25, 31, 32) .
In the present study, it was found that IL-23 activated the JAK2-STAT3 signaling pathway, and inhibiting this pathway suppressed the pro-inflammatory and pro-apoptotic effects of IL-23. The JAK2-STAT3 signaling pathway is a primary downstream signaling pathway of IL-23, which is an important signaling pathway in various cardiovascular diseases, including myocardial I/R injury (33) (34) (35) . Previous studies have demonstrated that, once activated by IL-23, the JAK2-STAT3 pathway induces the activation and differentiation of memory T cells, including CD4 + T cells, into IL-17A secretory cells (Th17/Thil-17) and upregulates the secretion of IL-17A (36) . In addition to IL-17A, activated memory T cells can secrete a mass of pro-inflammatory factors, including IL-6 and TNF-α, which are also crucial cytokines in the inflammatory process of myocardial I/R injury (22) (23) (24) (25) . The promoting effects of IL-17A in myocardial I/R injury suggested that the JAK2-STAT3 signaling pathway may be involved in IL-17A release and the promoting effects of IL-23 in myocardial I/R injury.
In conclusion, the present study suggested that IL-23 promoted myocardial I/R injury by increasing inflammatory responses and myocardial apoptosis, which may be associated with high expression levels of IL-17A and upregulation of the JAK2-STAT3 signaling pathway.
